ABSTRACT: A putative Precambrian paleosol mapped at the unconformity between the Cambrian Flathead Sandstone and Belt Supergroup at Fishtrap Lake, Montana, was found instead to be a succession of paleosols forming the basal portion of the Flathead Sandstone. Early Cambrian age of these paleosols comes from stratigraphic ranges of associated marine trace fossils: Bergaueria hemispherica, Didymaulichnus lyelli, Torrowangea sp. indet., and Manykodes pedum. Instead of a single strongly developed paleosol on top of the Belt Supergroup with a smooth geochemical depth function, five successive geochemical and petrographic spikes were interpreted as so many individual paleosols within a short sedimentary sequence of red beds, overlying brecciated and little-weathered Belt Supergroup. The most weathered intervals (paleosol A horizons) are purple-red in color (Munsell weak red, 7.5R 4/2) and massive to hackly, whereas intervening marine siltstones are planar bedded and purple-gray (Munsell dark reddish gray, 7.5R 4/1). The massive to hackly appearance comes from blocky to platy peds defined by argillans and is also the result of pervasive bioturbation of two distinct kinds: drab-haloed filament traces and ferruginized-organic filaments. In thin section, the filaments are circular as well as elliptical and elongate and of presumed microbial origin. The filament-rich (A) horizons are also defined by magnetic susceptibility and show petrographic evidence of significant weathering (depleted abundance of rock fragments, feldspar, and mica compared with lower horizons). Additional evidence of weathering comes from chemical analyses showing net loss of mass and weatherable elements within a profile. These lines of evidence indicate that Montana estuarine landscapes during the earliest Cambrian were colonized by filamentous organisms in a tropical humid paleoclimate, rather than the frigid conditions documented elsewhere during the Late Ediacaran and Early Cambrian.
INTRODUCTION
Precambrian paleosols are mainly known from major geological unconformities (Rye and Holland 1998) , whereas Phanerozoic paleosols are mainly known from sedimentary sequences (Retallack 2009a (Retallack , 2009b (Retallack , 2009c . Is this difference real, or does it reflect the difficulty of identifying in Precambrian sediments successive paleosols that lack fossil root traces and other obvious indications common in post-Silurian paleosols (Driese et al. 1997 , Driese and Mora 2001 , Retallack and Huang 2011 ? This article advances criteria for recognition of Early Paleozoic and Precambrian paleosols in sedimentary sequences so that paleopedology can expand beyond major geological unconformities. Many Phanerozoic unconformity paleosols preserve superposed weathering signals and groundwater alteration that are difficult to unravel (Ollier and Pain 1996, Taylor and Eggleton 2001) . In Phanerozoic sequences, paleosols of short duration of formation and simple profile form, repeated as populations of similar profiles within paleosol successions, have been the easiest to interpret because they are comparable in time and mode of formation to Holocene soils (Retallack 2001) . In contrast, in Precambrian rocks it has been easy to find unconformities and their unusually thick and deeply weathered paleosols (Rye and Holland 1998) , but interpretations have proven controversial (Ohmoto 1996) . This article develops criteria for recognition and interpretation of pre-Silurian paleosols (Driese et al. 1995; Retallack 2012a Retallack , 2012b , with a detailed account of earliest Cambrian paleosols in Montana. Few Cambrian paleosols have been recognized or studied in detail (Á varo et al. 2003; Retallack 2008 Retallack , 2009a Retallack , 2011b , despite abundant and widespread Cambrian nonmarine rocks (Daily et al. 1980; Moore 1990; Went 2005; Rose 2006; Davies and Gibling 2010; Davies et al. 2011; Hagadorn et al. 2011a Hagadorn et al. , 2011b . Paleosols studied here were reported as a Precambrian paleosol profile on the unconformity between the Belt Supergroup and Flathead Sandstone (Harrison et al. 1986 ), but detailed petrographic and geochemical analysis now reveals that this is a sedimentary sequence of red beds with several paleosols between an erosional surface of the Belt Supergroup and sandy marine facies of the Flathead Sandstone. The Early Cambrian, rather than Proterozoic, age of these red beds comes from a newly discovered assemblage of trace fossils.
MATERIALS AND METHODS
The study area is immediately east of Fishtrap Lake, which is accessible via forest road numbers 5, 56, 516, and 7953, 32 miles north of Thompsons Falls, Sanders County, western Montana (Fig. 1 ). Red beds (Fig. 2A, B) with trace fossils (Fig. 3) are exposed along a disused road immediately west of the bridge over the Radio Creek outlet of Fishtrap Lake (N47. 862008, W115.197068) . Trace fossil specimens F113699 to 113724 and F115957 to 15982 are archived in the Condon Fossil Collection, Museum of Natural and Cultural History at the University of Oregon in Eugene, Oregon.
The red beds were sampled for preparation of petrographic thin sections, which were point-counted (500 points) to determine grain size and mineral composition using a Swift automated counter and stage (Figs. 4, 5;  Table 1 ). Samples were analyzed for magnetic susceptibility using an SI-2 meter by R.D. Elmore at the University of Oklahoma (Norman), as described elsewhere (Retallack et al. 2003) . Samples of the Cool pedotype were collected for laboratory analyses (Table 2) , as follows: major and trace element geochemical analysis by XRF and analysis of ferrous iron by potassium dichromate titration (by ALS Chemex of Vancouver, British Columbia, Canada, using CANMET SDST standard-2 of British Columbia granodiorite). Molar ratios were also calculated from bulk chemical analyses to give products over reactants of common soil-forming chemical processes (Retallack 2001) . A more detailed accounting of geochemical change following the method of Brimhall et al. (1992) is mass transfer of elements in a soil at a given horizon (s w,j in moles), calculated from the bulk density of the soil (q w in g/cm and from the chemical concentration of the element in soils (C j,w in weight %) and parent material (C p,w in weight %). Changes in the volume of soil during weathering are called ''strain'' by Brimhall et al. (1992) and are estimated from an immobile element in soil (such as Ti, used here) compared with parent material (e i,w as a fraction). The relevant Eqs. 1 and 2 (below) provide the basis for calculating divergence from parent material composition due to soil formation:
These calculations were performed for one of the Cambrian paleosols and also for Miocene paleosols from Pakistan. These Miocene paleosols were buried by 2 km of overburden and have undergone common early diagenetic alterations such as burial gleization, decomposition, and ferric hydroxide dehydration (Retallack 1991) , so they offer a clearer comparison with Cambrian paleosols with similar burial history, compared to modern soils. This is an isotaphonomic approach to paleopedology.
GEOLOGICAL AGE
Newly discovered marine trace fossils (Fig. 3 ) now indicate that red beds of Radio Creek are of the earliest Cambrian (542 Ma; Gradstein et al. 2004) , lowest Fortunian Stage (Landing et al. 2007 ). This determination provides additional support for Rb-Sr ages of 555 6 18 Ma for shales and of 542 Ma for a single authigenic glauconite of the Flathead Sandstone in Montana (Chaudhuri and Brookins 1969) . These red beds have been regarded as a single paleosol at the disconformity between the Neoproterozoic Libby Formation of the uppermost Belt Supergroup and the Cambrian Flathead Sandstone (Harrison et al. 1986) , as an outlier of the Pilcher Formation within the uppermost Belt Supergroup (Winston et al. 1977) , or as an outlier of the Windermere Supergroup (Retallack et al. 2003) . These micaceous, quartz-poor red beds contrast with red orthoquartzites of the Pilcher Formation (Nelson and Dobell 1961) , which have, in addition, indications of a glacial climate (Illich et al. 1972 ) incompatible with geochemical differentiation of the paleosols studied here (Figs. 4, 5) . The Windermere Supergroup of western Canada is Neoproterozoic to Early Cambrian (736-540 Ma; Colpron et al. 2002) and has metamorphosed equivalents in Idaho (Lund et al. 2003) . The Mesoproterozoic Belt Supergroup has been radiometrically dated at 1401 to 1454 Ma (Evans et al. 2000) .
Newly Discovered Trace Fossils
The geological age of the red beds of Radio Creek is best constrained by a newly discovered suite of trace fossils: Manykodes pedum (Fig. 3D ), Bergaueria hemispherica (Fig. 3E ), Didymaulichnus lyelli (Fig. 3B) , and Torrowangea sp. indet. (Fig. 3C) .
The most age-diagnostic of these trace fossils is Manykodes pedum (Seilacher) Dzik (2005) , which has been used to define the earliest Cambrian (Landing et al. 2007 ) but also has been found 4.4 m below the Global Stratigraphic Stratotype (GSSP) for the base of the Cambrian in the stratotype section at Fortune Head, Newfoundland (Gehling et al. 2001) . Until recently, this ichnospecies has been assigned to Phycodes (Häntzschel 1975) , Trichophycus (Geyer and Uchman 1995) , and Treptichnus (Jensen 1997) . Manykodes pedum is a burrow that has alternate branches outward and upward and is preserved as a filled tube (exichnion of Martinsson [1970] ). Specimens from Fishtrap Lake have tubes measuring 3.4 to 3.9 mm wide, which turn to branch at intervals of 6.6 to 8.7 mm, which is a shorter interval than has been identified for the other known ichnospecies, Manykodes rectangulare (Dzik 2005) .
Other trace fossils of the red beds of Radio Creek are Early Cambrian and are not known to range down into the latest Precambrian (Jensen et al. 1998 (Jensen et al. , 2006 (Jensen et al. , 2007 Grazhdankin and Krayushkin 2007) . A single specimen of Bergaueria hemispherica Crimes et al. (1977) from Fishtrap Lake lacks either strong (as in Bergaueria radiata) or faint radial ribs (as in Bergaueria perata) or thick walls (as in Bergaueria langi). With an elliptical neck measuring 24 to 20 mm in diameter and with a basal portion measuring 26 to 22 mm in diameter, the specimen from Fishtrap Lake is only half the size of type specimens of Bergaueria hemispherica from the Cayetano Beds of the Cándana Quartzite of Spain (Crimes et al. 1977 , Pemberton et al. 1988 , Pemberton and Magwood 1990 . Bergaueria hemispherica is best known from the Early Cambrian (Crimes et al. 1977 ) and may range through to the Cretaceous (Leszcyński 2004) .
Specimens of Didymaulichnus lyelli (Rouault) Young (1972) are hypichnial ridges (of Martinsson [1970] ), 9.6 to 9.5 mm wide, with shallow central grooves that are 1.2 to 1.9 mm wide. Trails with more sharply defined lateral margins include Archaeonassa (Yochelson and Fedonkin 1997) and Aulichnites (Fedonkin 1985) . Trails with much deeper central seams include Mattaia miettensis, Mattaia tirasensis, and Mattaia meanderiformis (Dzik 2005) . The Fishtrap Lake trails do not form irregular circles like Taphrelminthopsis circularis (Crimes et al. 1977 , Jensen et al. 1998 or networks like Olenichnus irregularis (Fedonkin 1985) . Specimens from Fishtrap Lake also lack the joint-like features of Didymaulichnus roualti (Häntzschel 1975) , and undulation of Didymaulichnus alternatus (Jensen and Mens 2001) . Didymaulichnus lyelli ranges from Late Ediacaran to Triassic and perhaps Miocene (Kumpulainen et al. 2006) or Quaternary (Ekdale and Lewis 1991) .
Torrowangea rosei Webby (1970) is a narrow, beaded, hypichnial ridge. The burrows from Fishtrap Lake are similar in form, but include exichnia (of Martinsson [1970] ) that are filled with silt coarser than clayey silt matrix and are slightly larger (maximum width of 4.6-5.1 mm; width at constriction of 3.4-3.6 mm), and so are identified here as Torrowangea sp. indet. Another peculiarity of the Fishtrap Lake specimens is that isolated segments (Fig. 3C, lower right) ; conglomerate of Flathead Sandstone C); cast of pyrite sun D); Kinneyia wrinkle marks E); opposed ripple marks, mud flasers, and scour-and-fill F); and oscillation desiccation polygons G) from Fishtrap Lake, Montana. Scales provided by Dima Grazhdankin (A) and hammers (B, C). Specimen numbers (Condon Collection, University of Oregon) and stratigraphic levels (cm in Fig. 4 ) are F113703B at À40 cm (D), F113700 at À15 cm, R4159 at À30 cm (E), and F115976 at À35 cm (G).
into a confused tangle of similar segments (Fig. 3C, upper) . Simple constrictions distinguish Torrowangea from en echelon burrows such as Streptichnus narbonnei (Jensen and Runnegar 2005) . The stratigraphic range of Torrowangea is latest Ediacaran to Ordovician (Vintaned et al. 2006 , Retallack 2009a ).
Other Cambrian Fossils
The red beds at Fishtrap Lake also include subvertical clayey tubules with a green-gray halo, identical to Prasinema gracile (Retallack 2011b) . These can be seen to have a central clayey fill that is dark gray in color (Fig. 3F, G) and a flanking halo of gray-green color (Munsell greenish gray, 5G 5/1), which is about equal in width to the central tube. Viewed in longitudinal section these are subparallel tubes bending and branching through the red matrix, but in cross section the inner tube and outer halo appear concentric (Fig. 3F, G) . This occurrence is only a slight range extension for Prasinema, which has already been recorded from Early Cambrian paleosols associated with Diplocraterion in the Parachilna Formation of South Australia (Retallack 2011b) .
Quartz sandstones of the upper Flathead Sandstone near Fishtrap Lake also yielded the Early Cambrian trace fossil Diplocraterion parallelum Torell (1870; Fig. 3A ) at two localities (N47. 862298, W115.196498 and N47.861838, W115.198338) and Planolites striatus Hall (1852) at another locality near the top of the quartzites (Fig. 1; N47.861938, W115.200448) . Cruziana has been reported from the upper Flathead Formation elsewhere in this region (Aadland 1985) , indicating an age no older than the first appearance of trilobites (ca. 524 Ma; Gradstein et al. 2004) .
In an old roadcut located 2 km southwest of Fishtrap Lake (N47.860688, W115.199638) the overlying lower Wolsey Shale yields abundant articulated trilobites (Albertella helena, Kochina gordonensis, Strotocephalus gordonensis, Ptarmigania gordonensis, and Vanuxemella contracta), as well as brachiopods (Acrothele colleni and Micromitra scuptilis) and hyoliths (Hyolithus convexus). The same assemblage has been recorded from the Wolsey and Gordon shales elsewhere in Montana (Walcott 1917 , Keim and Rector 1964 , Bush 1989 , in the Albertella zone of early Middle Cambrian age (ca. 508 Ma; Gradstein et al. 2004 ).
SEDIMENTOLOGY
Cliffs of underlying Libby Formation of the Belt Supergroup rim the road around Fishtrap Lake to the north and west and are disconformably overlain by a breccia of redeposited Libby Formation and then by red beds and sandstone. These three facies are all included Bergaueria hemispherica E), Prasinema gracile F, G), and strata-transgressive ferruginous filamentous structures H). Specimen numbers (Condon Collection, University of Oregon) and stratigraphic levels (cm in Fig. 4 ) include F115964 at þ50 cm (A), F115970 at À60 cm (B), F115961B at À60 cm (C), F115760A at À60 cm (D), F115963 at À20 cm (E), F113698 at À5 cm (F), R3581 at À10 cm (G), and R3585 at À35 cm (H).
here within the basal Flathead Sandstone, which is overlain by Wolsey Shale and then Fishtrap Formation to the south and east (Harrison et al. 1986 , Bush 1989 ).
Sedimentary Facies
Gray breccia disconformably overlies intact Libby Formation, although the contact is difficult to see because the clasts of the breccia are identical in color and lithology to Libby Formation, which is a green-gray, heterolithic siltstone and shale, with common ripple marks and mud cracks (Harrison et al. 1986 ). The lower contact of gray breccia with undisturbed Libby Formation is poorly exposed but is gray, with no discoloration due to ferruginization or other chemical weathering.
The red bed facies consists of heterolithic purple-red (Munsell weak red, 7.5R 4/2) siltstones and purple-gray (Munsell dark reddish gray, 7.5R 4/1) shaley siltstones ( Fig. 2A, B) . Sedimentary structures observed in the silty beds include scour-and-fill, ripple marks, clay drapes (Fig. 2F ), wrinkle marks (Fig. 2E) , and planar lamination. One bed of siltstone and shale includes several ripple trains with opposing paleocurrent directions (Fig. 2F) . One horizon has large (3-4 cm in diameter) claystone casts (Fig. 2D ) of what appear to have been pyrite spherulites (Bannister 1932 , Cloud 1973 . Another horizon has ellipsoidal to lobate dark gray siderite nodules (Fig. 4) .
Sandstone facies overlie red beds with a distinctive basal lag of subangular pebbles with thick rinds of purple-red iron manganese, set within a groundmass of strongly ferruginized sandstone (Fig. 2C) . Pebbles are not found in the overlying sandstone, which is coarse to medium grained with planar cross-bedding, parting lamination, and flaggy bedding some 2 to 5 cm thick (Fig. 2B ).
Sedimentary Paleoenvironments
Flathead Sandstone has been interpreted as a former barrier bar and shoreface (Aadland 1985) , and such a paleoenvironment is compatible with features observed near Fishtrap Lake, including the marine trace fossil Diplocraterion (Fig. 3A) . A basal shale breccia to the sandstone has flat surfaces similar to ventifacts but lacks regularity of form and direction found in true ventifacts (Schlyter 2006 EARLY CAMBRIAN HUMID, TROPICAL, COASTAL PALEOSOLS FROM MONTANA, USAtsunami beds (Pratt 2002) . This breccia was not noticed until it was excavated because it is the same color and texture as the unbrecciated Libby Formation below, with a few wisps of red siltstone that have fallen down between cracks. These are unweathered clasts of Libby Formation and not corestones of a weathering profile, like those known from Precambrian paleosols at major geological unconformities (Retallack and Mindszenty 1994) . This thin shale breccia is interpreted here as a shoreline talus, like those widespread in fluvial and intertidal (Stone et al. 1996 , Aarseth and Fossen 2004 , Frankel et al. 2007 , Retallack and Roering 2012 . Toward the south of the main fossil locality 1 (Figs. 1, 2A ) the red beds and breccia thicken to 6 m, but across the fault picked out by Radio Creek unbrecciated Libby Formation is directly overlain by red sandstone. Thus, the flanking bedrock cliffs of Libby Formation had initial relief of at least 6 m.
The red beds include ripple-marked, linsel, and planar-bedded micaceous siltstones and shales, comparable with intertidal to supratidal, rather than lacustrine or fluvial, facies (Reineck and Singh 1980) . Evidence for intertidal deposition comes in particular from bidirectional ripple marks (Fig. 2F) , which are well known from flumes programmed for bidirectional flow (Southard et al. 1990) , from modern tidal flats such as the German North Sea coast (Newton 1968 ) and coastal Bengal (Mukherji et al. 1994) and from ancient tidalites (Klein 1970, Greb and Archer 1995) . Bidirectional ripples are common on the surface of modern tidal flats, but they are seldom preserved because of reactivation during the stronger of either ebb or flood tides (Klein 1970) . Bidirectional ripples are more common on point bars of tidal estuaries than on tidal flats open to the sea, perhaps because of ebb and flood erosive-flow separation in sinuous estuaries (Mukherji et al. 1994) .
Evidence of brief and repeated ancient exposure comes from desiccation cracks (Fig 2G) , comparable with supratidal polygonal oscillation cracks, which form in intertidal regimes of wetting and drying (Noffke 2010) . Oscillatory marginal bands derive from opening and closing, and the shallowness of these cracks, as compared with that of ordinary mud cracks and flakes (Weinberger 2001) , is due to persistent deep waterlogging and algal stabilization. Fills of clay, rather than sand, and a v-shaped cross section distinguish these from syneresis cracks (Pratt 1998a) . These are neither common nor deeply penetrative structures, such as molar tooth structures (Pratt 1998b) , earthquake fragmented beds (Pratt 2002) , or diastasis cracks (Cowan and James 1992) .
The red beds also include a distinctive kind of wrinkle structurecomparable to ripple marks with wavelengths of only a few millimeters (Fig. 2E) . Such Kinneyia microbial trace fossils are common in shallow subtidal and intertidal facies (Mata and Bottjer 2009 ) and have been regarded as cyanobacterial surface features (Hagadorn and Bottjer 1997) , but they may also be created by shallow microbial mat deformation (Porada et al. 2008) .
Marine influence is indicated by the trace fossil assemblage (Fig.  3B-E) , which is within laminated parent siltstones to the paleosols (Fig. 4) . However, one marine-influenced paleosol contained the presumed marine trace fossil Bergaueria (Fig. 3E ) and a deeper horizon of pyrite spherulites (Fig. 2D) , like those known from Holocene mangrove soils (Bush et al. 2004 ). The trace fossil assemblage of sandstones above the red beds comprise Skolithos ichnofacies, widely interpreted as an assemblage of beaches and barrier bars (Buatois and Mángano 2011) . The trace fossil assemblage of the gray siltstones, including Manykodes pedum, is not assignable to an ichnofacies, because it represents an assemblage of the earliest known burrowing metazoans (Droser et al. 2002 , Landing et al. 2007 , predating trilobites and their otherwise-similar shallow burrowing assemblage of shallow to deep marine shales (Cruziana ichnofacies of Seilacher [2007] ). The earliest Cambrian Manykodes assemblage in Newfoundland (Landing et al. 1988) and South Africa (Buatois and Mángano 2011) is considered intertidal. At Fortune Head, Newfoundland, intertidal heterolithic facies with Manykodes directly overlies red beds with red Entisol and Inceptisol paleosols (Landing et al. 1988; GJ Retallack, unpublished data, 2011) , and the distance between Manykodes and paleosols in less than a meter (Gehling et al. 2001) . Cochlichnus and Plangtichnus in Pennsylvanian estuarine tidalites from Kentucky (Greb and Archer 1995) form a limited assemblage of shallow burrowing trace fossils comparable with the Manykodes pedum assemblage.
Drab-haloed filament traces (Prasinema gracile) formed from burial gleization of carbonaceous filaments in paleosols and are known from both estuarine and fluvial paleosols (Retallack 2011b) . These trace fossils and shaley depositional facies are comparable to Cambrian near-marine siliciclastic facies in the Billys Creek, Moodlatana and Balcoracana formations of the Flinders Ranges of South Australia (Retallack 2008) . In contrast, alluvial facies of Cambrian and Ordovician age are sandy with prominent cross-bedding (Went 2005; Rose 2006; Retallack 2009a Retallack , 2009b Davies and Gibling 2010; Davies et al. 2011) .
Comparable modern clayey and silty sediments on bedrock are found in estuarine sloughs near Coos Bay, Oregon (Wilson et al. 2007 ). Bedrock in this part of Oregon comprises Eocene to Miocene marine sandstones, which form coastal cliffs and pocket beaches with locally derived littoral talus (Armentrout 1981, Retallack and Roering 2012) . A large barrier bar sand spit separates the Coos River from the open Pacific Ocean (Lund 1973) . Tidal flats behind this barrier are brown clays and silts with a variety of burrowing estuarine clams, shrimp, and worms (Oglesby 1973 , McCauley et al. 1977 , and supratidal flats support peaty and sulfidic salt marshes of Salicornia virginiana and Distichlis spicata (Nelson et al. 1996) . This variety of marine invertebrates and vascular land plants signifies a clear difference between the modern ecosystem and the earliest Cambrian ecosystems of the Manykodes pedum zone, which predates both trilobites (Cruziana) and deep burrowing worms (Diplocraterion; Buatois and Mángano 2011) .
The thin sequence of breccia, heterolithic red beds, and sandstone of the Flathead Sandstone at Fishtrap Lake is thus interpreted to represent, . Analyses are by XRF with Pratt titration for FeO. Chemical errors are from 10 replicate analyses of the standard, CANMET SDMS2 (British Columbia granodioritic sand), and bulk density errors are from 10 replicates of siltstone from the Ediacara Member of the Rawnsley Quartzite, South Australia.
successively, littoral talus, followed by marine-influenced lagoons or estuaries, and then sandy barrier bars, confirming the regional interpretation of marine transgression noted for these rocks by Aadland (1985) . Transgression continued with the offshore shale deposition of trilobite-bearing gray shales of the Wolsey Shale, but the Fishtrap Formation has been interpreted as a return to a shallow marine to intertidal carbonate shelf (Harrison et al. 1986 , Bush 1989 ).
BURIAL ALTERATION
Interpretation of ancient soil formation from paleosols requires geochemical and petrographic data in order to disentangle comparable alterations due to burial. Three burial diagenetic alterations of decomposition, gleization, and reddening common in paleosols (Retallack 2001) are evident from red beds of the Flathead Sandstone. Decomposition of organic matter is evident from the ferruginization of filamentous structures of presumed organic origin (Figs. 3H, 6B ), which were originally part of the soil because they are truncated within redeposited soil clasts (Fig. 6D) . Gleization of buried organic matter is indicated by green-gray haloes around fossil filaments of Prasinema gracile (Fig. 3F, G) , which were presumably once carbonaceous and fueled local chemical reduction of their matrix after burial (Retallack 2011b) . Burial gleization does not extend to whole horizons or form mottled horizons in red beds of the Flathead Sandstone, like it does in the Cambrian paleosols of South Australia (Retallack 2008) . Burial reddening of the Flathead Sandstone also is likely due to common dehydration of ferric hydroxides because comparable coastal facies of Coos Bay, Oregon, are brown, not red (Nelson et al. 1996) . Ozkan and McBride (2007) determined from fluid inclusions of the Flathead Sandstone that its maximum temperature was 150 to 1608 C during burial, and this reduced porosity to an average of 3.6% (range, 0-11.5%) and permeability to an average of 5.8 mD (range, 0.5-439 mD). Lebauer (1964) found that Wolsey Shale overlying the Flathead Sandstone was largely illite and poorly crystalline chlorite, without notable diagenetic alteration. Potash is high (up to 6.76 wt%) in these paleosols, but not because of potash metasomatism (Fedo et al. 1995) , considering the molar losses from the Cool paleosol (Fig. 7) . Rather, high-potash and little-weathered K-feldspars are well-known anomalies of Cambrian and Precambrian sediments, which reflect a different weathering regime before the advent of vascular land plants (Basu 1981 , Retallack 2012b ).
PALEOPEDOLOGY
Instead of a single strongly developed paleosol on top of the Belt Supergroup (Harrison et al. 1986 ), five successive paleosols were recognized from repeated patterns of grain size, color, and structures (Fig. 4) . These initial field interpretations of Cambrian and Precambrian paleosols were then supported by laboratory studies of mineral and chemical composition, as detailed in the following paragraphs.
Paleosol Recognition
Within red siltstones of the Flathead Sandstone, weathered intervals (paleosol A horizons) are purple-red in color (Munsell weak red, 7.5R 4/2) and massive to hackly in appearance, whereas intervening sediments are planar bedded and purple-gray (Munsell dark reddish gray, 7.5R 4/1). The massive to hackly appearance corresponds to blocky to platy peds defined by argillans (in the terminology of soil science; Retallack 2001). These are irregular fractures lined with clay in thin section (Fig. 6E) . In some cases the cracks are shallow, gaping, and coated with concentric ridges (Fig. 2G) , as in polygonal oscillation cracks (Noffke 2010) . In other cases, the fracturing is represented by more subtle seams of clay-lined rock.
Destruction of bedding is also the result of pervasive near-vertical filamentous structures of two distinct kinds: drab-haloed filament traces (Figs. 2G, 3F ) and ferruginized-organic filaments (Fig. 3H) . In thin section, the filaments are circular, as well as elliptical and elongate (Figs. 3F-H and 6A, B) and are oriented mainly vertical to bedding (all thin sections were cut in that orientation). The drab-haloed filament traces are similar to those described as Prasinema gracile from Flathead Sandstone is quartz-rich and layered (F). Specimen numbers (Condon Collection, University of Oregon) and stratigraphic levels (Fig. 3) are F113720 at À110 cm (A), R3586 at À50 cm (B), R3597 at À150 cm (C), R3599 at À170 cm (D), R3596 at À150 cm (E), and R3576 at þ45 cm (F).
Cambrian (Retallack 2008 (Retallack , 2011b and Ordovician paleosols (Retallack 2009a (Retallack , 2009b . Ferruginized filaments are ubiquitous and vary from 38 volume % in the surface (A) horizons to 12 volume % in subsurface (C) horizons (Table 1) . These filaments are opaque and dominate the fabric of some thin sections (Fig. 6A, B) , unlike intervening stratified sediments (Fig. 6C) . Their vertical orientation and thorough admixture with mineral grains through a considerable thickness of rock are characteristic of microbial earth soils (Belnap et al. 2003) and paleosols (Retallack 2008 (Retallack , 2011b (Retallack , 2012a . Intertidal microbial mats, in contrast, have a sharp contact with underlying sediment, few included grains, and are eroded as folded and planar flakes (Noffke 2010) , not seen in the red beds of Radio Creek. The filament-rich (A) horizons are also picked out by magnetic susceptibility peaks, in proportion to point-counted abundance of ferruginous filaments (Fig. 4) . These data are discussed at length by Retallack et al. (2003) , who conclude that they represent precipitation of iron minerals within the most microbially active portion of the paleosol. Only well-drained modern soils show such surficial increases in magnetic susceptibility, presumably because the microbes responsible are aerobic (Maher 1998 , de Jong et al. 2000 . In contrast, microbially induced magnetic susceptibility is destroyed in modern gleyed soils (Grimley and Vepraskas 2000) and paleosols (Retallack et al. 2003) , so that peaks in susceptibility represent well-drained parts of these estuarine paleosols.
The filament-rich horizons also show petrographic evidence of significant weathering (depleted abundance of rock fragments, feldspar, and mica compared with lower horizons in Fig. 5 ). The ferruginized filament-rich upper parts of the paleosols are especially striking (Fig. 6B ) in thin section, compared with the filament-poor lower parts of the paleosols (Fig. 6C) , because clays associated with filaments are highly birefringent, a distinctive soil feature called ''sepic plasmic fabric,'' created by the uniquely deviatoric local stresses of soil formation (Retallack 2001) . The amount of birefingent clay is markedly greater in paleosol surface horizons than in their parent materials or associated sediments (Table 1) . Additional evidence of weathering comes from chemical analysis showing peaks in barium/ strontium and alumina/silica molar ratios indicative of leaching and clay formation at the surface of the paleosol (Fig. 5) . A more comprehensive accounting of chemical weathering comes from analysis of strain and mass transfer (Eqs. 1, 2) in the basal Cool paleosol, formed on little weathered breccia of the Libby Formation (Fig. 5) .
Assuming that the titania content of that breccia represents parent material, there was significant loss of mass (negative strain) due to weathering of the Cool paleosol (Fig. 7) , in excess of the strain found in the Miocene woodland paleosols of Pakistan (Retallack 1991) . In addition, like the Pakistani paleosols, the Cool paleosol lost silica, ferric iron, magnesia, lime, soda, and phosphorus, but it lost little potash. Chemical weathering of the Cool paleosol is strong, yet shallower than that noted in the Pakistani paleosols (Fig. 8) , which are penetrated by fossil root traces to depths of up to 2.3 m (Retallack 1991) . One of the Pakistani paleosols (Khakistari of Fig. 8 ) shows strong enrichment of ferrous iron at depth, attributed to original waterlogging (Retallack 1991) , but comparable evidence of biological iron reduction was not found at any depth in the Cool paleosol. These strain and mass transfer relationships are only plausible in weathering environments, because sedimentary graded beds do not create surficial enrichment of titanium, which is in heavy minerals such as ilmenite, deposited as placers near the base of beds. In soils, however, titanium is enriched at the surface with weathering of other elements, particularly alkali and alkaline earths (Brimhall et al. 1992 ).
Pedotypes
The five successive paleosols of red beds of Radio Creek are of two distinct kinds, here designated ''Radio'' and ''Cool'' pedotypes, after the nearby creeks. A pedotype is a kind of paleosol defined on field characteristics and based on a type section (Retallack 1994) .
The Radio pedotype at the top of the red beds has a surface (A) horizon that is red with drab-haloed filament traces (olive yellow 5Y 6/ 6 in matrix weak red 7.5R 4/1) above n horizon (Bg) with pyrite spherulites measuring 4 cm in diameter (Fig. 2D) and siderite nodules measuring 6 cm long in dark bluish-gray (5B 4/1) shale. Only one example of this kind of paleosol was seen.
FIG. 7.-Mass balance geochemistry of Cool paleosol, including estimates of strain from changes in an element assumed stable (Ti) and elemental mass transfer with respect to an element assumed stable (Ti following Brimhall et al. [1992] ) and by comparison with Miocene paleosols from Pakistan (Retallack 1991) . Zero strain and mass transfer is the parent material lower in the profile: higher horizons deviate from that point as a result of pedogenesis.
The Cool pedotype, in contrast, has a surface (A) horizon reddened (weak red 7.5R 4/2) with abundant hematite filaments and only scattered irregular drab (light greenish-gray 5GY 7/1) mottles, above subsurface (C) horizons of gray (5YR 5/1) micaceous siltstone. Most paleosols of the red beds of the Flathead Sandstone have this simple profile form and are developed on silty shale parent material, but the one here designated as the type profile was formed on gray claystone breccia at the base of the section (Fig. 4) .
Comparable Paleosols
Cambrian paleosols from the Flinders Ranges of Australia (Retallack 2008 ) and the Cantabrian Mountains of Spain (Á lvaro et al. 2003) are comparable with those of the Flathead Sandstone in Montana in their red color, hydrolytic weathering profiles, limited depth, and intensity of filaments and are also within sequences containing marine body and trace fossils in other beds. Both are also within thicker sedimentary sequences including fully marine limestones and fluvial sandstone paleochannels, which provide evidence of a wider range of marine to alluvial paleoenvironments. Cambrian paleosols of the Flathead Sandstone lack the large illuviation argillans and concretionary structures of the Spanish Cambrian paleosols, attributed to seasonal paleoclimate (Á lvaro et al. 2003) , and the micritic nodules of the Australian Cambrian paleosols, attributed to dry paleoclimate (Retallack 2008) . All of these Cambrian paleosols also have fabrics dominated by drab-haloed and ferruginous filamentous structures, which are also known in red Neoproterozoic paleosols dating back to 1800 Ma (Driese et al. 1995 , Mitchell and Sheldon 2009 , Retallack 2011a ).
Comparable Modern Soils
In modern soil taxonomy (Soil Survey Staff 2000) , the Radio pedotype with its pyrite spherulites and relict bedding can be interpreted as a Sulfaquent, which is a gleyed sulfidic soil of weak development, usually marginal marine (Retallack 2001) . The Cool pedotype, in contrast, can be interpreted to represent former Fluvent soils (Soil Survey Staff 2000) . In the classification of the Food and Agriculture Organization (1974), the Radio pedotype was a Thionic Fluvisol (Jt) and the Cool pedotype a Dystric Fluvisol (Jd).
Comparable soilscapes are widespread in large tropical coastal estuaries (Food and Agriculture Organization 1971 , 1977a , 1977b , 1979 . Their coastal location occurs because marine sulfate is a prolific source of sulfides: freshwater does not contain suitable levels of sulfate (Altschuler et al. 1983 , Bush et al. 2004 ). As can be seen from associated soils and soil inclusions in these map areas (Table 3) , such soils are now limited to peaty mangrove and saltmarsh soils within deltas and estuaries. Large molluscs and a variety of vascular plants in such modern soils had not evolved by the Cambrian, when Thionic Fluvisols may have been more widespread in coastal regions. Coos Bay, Oregon, with a sedimentary environment comparable to that of the Flathead Sandstone, does not have Thionic Fluvisols because of high organic matter content under the salt marshes (Nelson et al. 1996) , which also evolved after the Cambrian. Coos Bay estuary does have Dystric Fluvisols, or very weakly developed alluvial soils (Lund 1973) , in areas too small to be featured on the Food and Agriculture Organization (1975) soil map.
Paleoclimate
Paleoprecipitation can be gained from paleosols using the paleohyetometer of Sheldon et al. (2002) , based on chemical index of alteration without potash (C ¼ 100 3 mAl 2 O 3 /[mAl 2 O 3 þ mCaO þ mNa 2 O], in moles), which increases with mean annual precipitation (P, in mm) in modern soils (R 2 ¼ 0.72; standard error [SE] ¼ 6182 mm), as follows:
This formulation is based on the hydrolysis equation of weathering, which enriches alumina at the expense of lime, magnesia, potash, and soda. Magnesia is ignored because it is not significant for most sedimentary rocks, and potash is excluded because it can be enriched during deep burial alteration of sediments (Fedo et al. 1995, Sheldon and Tabor 2009) . A useful paleotemperature proxy for paleosols devised by Sheldon et al. (2002) 
Both of these proxies are derived from chemical analyses of North American soils, not including intertidal soils, but there are modern coastal soils in the training set (Sheldon et al. 2002) , and that is why this technique was applied only to the lowest and most inland of the Cool paleosols developed on the basal breccia of the Flathead Formation (Fig. 4) . Application of these chemical proxies to the most deeply weathered subsurface horizon of the type Cool paleosol yields a tropical humid climate: mean annual precipitation measures 1502 6 182 mm, and mean annual temperature measures 17 6 4.48 C. The Cool paleosol also has elevated barium:strontium and alumina:silica ratios (Fig. 5) , in support of such a warm, humid paleoclimate. The quartz-rich composition of Flathead Sandstone (Fig. 6F ) also provides evidence of profound chemical weathering.
Another indication of humid paleoclimate is lack of evaporites in the paleosols of Radio Creek. Semiarid Cambrian paleosols of South Australia include common gypsum and halite crystals and pseudomorphs (Retallack 2008) . Lack of evaporites is another similarity between paleosols of Radio Creek and modern estuarine to deflation plain soils of humid Coos Bay, Oregon (Lund 1973 , Nelson et al. 1996 . Warm, humid paleoclimate is compatible with the nearequatorial (ca. 108 S) location of this part of Laurentia at the Cambrian-Precambrian boundary (Meert and Lieberman 2001) . Chinese characters selected for euphony and felicity for the Cambrian Period (''Hanwu Ji'') also mean, in other contexts, ''fierce cold'' (Brasier 1992) , and there is now supporting evidence for widespread glaciation in Avalonia, Kyrgyzstan, Siberia, and China during the latest Ediacaran and Early Cambrian (Chumakov 2007 (Chumakov , 2011 Landing and McGabhann 2010) . Such frigid climates are unlikely to have extended to equatorial regions, but there is also evidence from time series of paleosols in South Australia (Retallack 2008 (Retallack , 2009a and Spain (Á lvaro et al. 2003 ) that the earliest Cambrian paleosols formed under a wetter and warmer paleoclimate than did Late Ediacaran and succeeding Early Cambrian paleosols.
Former Ecosystem
Both Cool and Radio paleosols contain abundant ferruginous filaments (Table 4) , which are copiously branched and near-circular in cross section (Figs. 3G, H and 6A, B, D) , comparable with those found in other Cambrian paleosols (Á lvaro et al. 2003) . These filaments are Cambrian in age because they were found within redeposited clasts of the paleosols (Figs. 5E, 6D) . Some of these filaments also have drab haloes (Fig. 2F) , like Prasinema gracile (Retallack 2011b) , attributed to burial gleization of remnant organic filaments in Cambrian paleosols (Retallack 2008) . Where ferruginized filaments are abundant, magnetic susceptibility is high, and where drab-haloed filaments are abundant, magnetic susceptibility is low (Fig. 3) . These are also patterns of magnetic susceptibility created by soil microbes in welldrained and poorly drained modern soils, respectively (Retallack et al. 2003) . Activity of organic ligands from microbes can be inferred from chemical weathering, especially phosphorus depletion (Neaman et al. 2005) , which was marked in the Cool paleosol (Figs. 7, 8) .
The morphology of the filamentous structures is comparable with microbial filaments in biological soil crusts of modern deserts (Belnap Retallack (2008) . The presumed marine invertebrates responsible for local trace fossils (Fig. 3) would have been sustained by microbial and other particulate organic matter in water, perhaps in part derived from these local estuarine soils.
Parent Materials
Common rounded sand grains of silty Libby Formation in the parent material of Cool paleosols and a basal unconformity littered with breccia of Libby Formation clasts are evidence that these rocks were lithified and formed the immediate source area for red beds of the Flathead Sandstone. Such rock fragments are found in most of the paleosols, and dominance of mineral composition by quartz and feldspar (Fig. 4) is an indication that similar rocks were widespread in the source terrane. There is more feldspar than quartz in most of the paleosols, but not in the Flathead Sandstone (Table 1; Fig. 4 ), which may include material from a much wider region (Oksan and McBride 2007) . Persistence of feldspar in Early Paleozoic and Precambrian sandstones has been attributed to a less intense weathering regime before evolution of vascular land plants (Basu 1981 , Dott 2003 , but the Cool paleosol, which retained potash, was more intensely weathered than are the Miocene paleosols (Fig. 7) . In addition, potash retention is not due to unusually alkaline Early Paleozoic groundwater (Jutras et al. 2009 ), because other bases are profoundly depleted in the Cool paleosol (Figs. 7, 8) . Conservation of potash, as seen in the Cool paleosol (Figs. 7, 8) , is widespread in Precambrian paleosols dating back 2.6 Ga (Driese et al. 1995 , Watanabe et al. 2000 . Potash-rich composition of pre-Silurian paleosols and their parent materials may be due to biological selectivity of cations under microbial communities with nutrient demands different from those of vascular land plants (Basu 1981) .
Paleotopography
The shallow depth of ferruginization and of surface brecciation and mud cracks in these paleosols (Figs. 2G, 4 ) offers evidence of a water table generally located within 30 cm of the surface, as in modern estuarine, lakeshore, or floodplain soils (Vepraskas and Sprecher 1991) . Ubiquitous planar bedding in their silty parent materials is also evidence of a sedimentary environment of low topographic relief, similar to the barrier bar and tidal flats of modern Coos Bay, Oregon (Lund 1973 , Nelson et al. 1996 . Thickness variations in red beds of the Flathead Sandstone have been mapped at 0 to 6 m ( Fig. 1) and are interpreted to represent infill of paleotopography overriden by barrier bar sandstones. Thus, the bedrock cliffs flanking the estuary had at least 6 m of local topographic relief.
Time for Formation
Modern soils with shallow relict bedding like Cool and Radio paleosols form over periods of a few to several hundreds of years (Nelson et al. 1996) . Roots of salt marsh and mangal plants and burrows of worms and molluscs accelerate physical weathering in structurally comparable modern soils (Oglesby 1973 , McCauley et al. 1977 , but the chemical differentiation of the Radio and Cool paleosols indicates longer times for formation. Siderite nodules measuring up to 6 cm in length and pyrite spherulite casts up to 4 cm in diameter in the Radio paleosol are evidence of chemical differentiation of a gleyed horizon (Bg of Soil Survey Staff [2000] ). Siderite nodules of comparable size enclosing crab and yabbie fossils are found in tropical estuarine soils of Australia within the intertidal range, so they are likely Late Holocene in age (Etheridge and McCulloch 1916) . Siderite nodules measuring up to 1 cm in diameter were found in core of a marsh soil at a level younger than 680 6 40 radiocarbon years in Loboi Swamp, Kenya (Ashley et al. 2004) . Common (ca. 4 wt % reduced S) microscopic (,5-lm) marcasite platelets formed during an interval of vegetation change of less than 1000 years after 4704 6 70 radiocarbon years in Bungawalbin Swamp, New South Wales (Bush et al. 2004) . Thus, many centuries may be needed to form nodules and spherulites as large as those in the Radio paleosol. Chemical weathering of the Cool paleosol is greater than that seen in Miocene swamp and woodland soils thought to have formed over as many as 10,000 years (Retallack 1991) . Chemical rather than physical weathering of these Cambrian paleosols may be a better guide to their times of formation, which are likely to have been several thousand years.
CONCLUSIONS
Paleosols and sedimentary paleoenvironment of red beds of the Flathead Sandstone are reconstructed in Figure 9 and summarized in Table 4 . The basal Cambrian paleosols of Montana are comparable to other Cambrian and Proterozoic red paleosols (Driese et al. 1995; Retallack 2008 Retallack , 2011a Mitchell and Sheldon 2009) A-Bg-C or A-C profiles, with abundant filamentous bioturbation of presumed microbial origin and substantial chemical weathering, especially of phosphorus, which is also likely to have been biologically mediated (Neaman et al. 2005) . These living soils were not far from the ocean, based on sedimentary similarities of the Flathead Sandstone and barrier bars and rock-bound estuaries (Lund 1973) . Marine-influenced parent materials to the paleosols include a suite of marine trace fossils (Bergaueria hemispherica, Didymaulichnus lyelli, Torrowangea sp. indet., Manykodes pedum), which fix the age of these paleosols as very Early Cambrian (Fortunian; Landing et al. 2007 ). The degree of chemical weathering of one of the paleosols (type Cool profile) is evidence of a tropical humid climate, which is compatible both with an equatorial paleolatitude of this part of Laurentia during the earliest Cambrian (Meert and Lieberman 2004) and with evidence from other paleosol sequences that the earliest Cambrian was unusually warm and wet compared with the Ediacaran and later Early Cambrian (Retallack 2008) . Recognition of Cambrian paleosols is based on disruption of primary sedimentary structures (ripple marks, planar bedding) and imposition of soil structures (blocky peds, filamentous structure, pyrite spherulites, siderite nodules), but Cambrian soil formation was not so deep or pervasive as in paleosols after the Devonian evolution of trees and their distinctive large rooting structures (Driese et al. 1997 , Driese and Mora 2001 , Retallack and Huang 2011 . Thus, indications of physical weathering need to be supplemented by analysis of chemical weathering, which in these Early Cambrian paleosols is surprisingly profound, though still shallow in depth, compared with geologically younger soils and paleosols. Hydrolytic base depletion is demonstrated here, but Cambrian paleosols are more like Precambrian profiles than modern soils in retaining potash. The soil-forming process of gleization is also demonstrated with the growth of gley minerals (pyrite and siderite) in less organic paleosols than the soils in which these minerals are found today (Ashley et al. 2004 , Bush et al. 2004 ). Cambrian soil formation was similar in outline to modern soil formation, but notable differences reflect differences in their biota.
